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ABSTRACT 
Adsorbate-adsorbate lateral interactions have been known to  significantly   affect  
the  binding  energies  of  adsorbates  in  most   of  the  reaction  networks  on  any  given  
nano-catalytic  surface. In events of multiple adsorptions which is almost the case in any 
reaction network on a nano-catalytic surface, interactions between adsorbed species are 
termed as adsorbate-adsorbate lateral interactions. Such, interactions have been known to 
weaken the binding energy, thereby affecting the reaction energetics and hence affects 
the suitability of a catalytic system for a given reaction scheme. Hence, it is very 
important to quantify such interactions appropriately. Since, experiments at very small 
length scales are very difficult to perform, computational techniques become a natural 
choice to study the adsorption phenomena at nanometer length scales. Density functional 
theory (DFT) is one of the most popular computational theories to study the physical 
systems at small length scales where mainly quantum effects via Schrodinger wave-
equations are the governing mechanisms determining the course of the evaluation of such 
systems. Many computational techniques have been tried in the past to inherently capture 
the effects of lateral interactions while evaluating the binding energies. Cluster expansion 
hamiltonians are one of the most popular approaches in this regard.   However, this 
approach is extremely tedious to carry out and is usually limited in applicability to predict 
the binding energies of select few systems which are close to the sample space used to 
evaluate the hamiltonians. Hence, it is important to devise a new model for lateral 
interactions   in a more robust manner which could be used in a wide array of problems. 
My work is based upon studying seven candidate transition metals for catalytic systems: 
Ag, Au, Cu, Ir, Pd, Pt and Rh and four simple gas phase adsorbate species: C, N, O 
xiv 
and CO. All my results are based upon adsorption phenomena in a vacuum environment. 
First part of my work is based upon devising parameterization schemes which are based 
on a previous work where the metal binding energies to the same metallic surface are 
calculated based upon the coordination numbers of the adsorbing atom and adsorbate 
metal atoms.  In the second, part of my work I investigated and found linear scaling 
relationships between the binding energies of adsorbates and binding energies of metal 
atoms. These relationships were developed based on single adsorption events which do 
not incur lateral interactions and can be used as predictors for further binding events. In 
the final, part of my work I have introduced a lateral interaction parameter which is added 
to the binding energies predicted from the scaling relationships and is calculated by 
finding scaling relationships for the interaction parameter as well. In the third part of my 
work I have tested my approach on nitrate adsorption network. Firstly, I have evaluated 
the reaction mechanism of NOx species reduction by candidate transition metal atoms in 
an electrochemical environment and then used NO as an additional species to model the 
lateral interactions in terms of the interaction parameter. It is envisaged that the results 
obtained here could easily be extended to other atomic and molecular species in any 
given common reaction network and hence, the overall scheme has a wide applicability 
since by carrying out few DFT calculations it would be possible to calculate the binding 
energies and hence work out potential energy diagram for many reaction networks. 
 
1 
CHAPTER 1.    INTRODUCTION 
Nano-catalysts finds applications in a variety of industrial chemical reactions owing to their 
ability to speed up the rates of chemical reactions. Reacting species binds to a catalytic 
surface, to its various adsorption sites, thereby facilitating a chemical reaction. When these 
adsorbates bind to a catalytic surface, they interact with each other; something that is 
formally referred to as “lateral interactions”.  
 
Figure 1.1 Adsorbate-adsorbate lateral interactions among adsorbates on a nano-catalytic slab 
 
Lateral interactions among adsorbing species have attracted the interests of both theorists and 
experimentalists for many years [1]. These interactions have been known since structured 
adlayers were discovered at low temperatures [2]. Since then, interest have continued to grow 
in these interactions since they were found to have a marked effect on a variety of 
phenomena under many situations that are of tremendous practical applications. These 
interactions can influence rates of elementary events ([3], [4]), chemical kinetics by affecting 
activation and adsorption energies, reaction barriers and rate constants [5], excitation energy 
dissipation, diffusion of reacting species ([6], [7]) and other physical and chemical processes 
at the surface ([8], [9], [10], [11]). They can result in spatial correlations in the adlayer 
thereby destroying the uniformity of adsorbed adlayers. Such correlations can arise from 
slow diffusion or from adsorbate-adsorbate lateral interactions ([8], [9], [10]). Lateral 
Lateral interactions 
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interactions may also add to the adsorption equilibrium constant and in many a case binding 
to the surface becomes coverage dependent due to significant interactions. They can also 
influence the adsorption energies usually leading to a decrease in energy at high coverages 
and hence play a major role in constructing phase diagrams of the adsorbate overlayer on the 
surface [12]. 
Lateral interactions could be characterized as through-space or through-surface interactions, 
where through space interactions are essentially columbic interactions between charges. 
However, through-surface interactions could be much more complex and can be categorized 
mainly under 4 types: [13] 
i) Direct interactions: Which occurs due to overlap of wave functions of adsorbates 
ii) Indirect interactions: Downshift in the d-states of the lattice due to first adsorbate 
leading to a weaker bond between the second adsorbate and the surface 
iii) Elastic interactions: Local distortions of the surface lattice due to first adsorbate 
which is also experienced by the second adsorbate.  
iv) Nonlocal electrostatic effects: These could be described to the lowest order as 
dipole-dipole interactions. 
In most of the cases all these factors could be lumped in terms of dependency on distance 
between the interacting species and that is what I have exploited in my work to develop a 
hypothesis for lateral interactions. 
Another class of categorization of lateral interactions arises very frequently in computational 
studies where they are characterized by their interaction types, namely: 1-body, 2-body … n-
3 
body interaction types. Lateral interactions are mainly repulsive in nature although in very 
few cases they could be attractive as well. As already stated, lateral interactions can markedly 
influence chemical reactions under a variety of situations. A notable example is the oxidation 
of CO on noble metals like Pt and Pd where there is change of reaction order with respect to 
reactants coverage owing to lateral interactions. In case of CO oxidation on Pd, lateral 
interactions play an even larger role ([14], [15]). Another example is binding of NH3 to the Pt 
(111) sites. NH3 binds weakly to the Pt surface but the binding is stabilized by strong lateral 
interactions among NH3 molecules [16]. Oxidation of NO to NO2 on a Pt (111) surface is 
another example where repulsive lateral interactions are responsible for weakening of the O 
binding to leave the metal active for the oxidation process [9]. Sillar et al. [22] examined the 
adsorption of CO2 in the metal organic framework CPO-27-Mg, where attractive adsorbate-
adsorbate interactions were observed. However, such attractive interactions are rare and 
repulsive lateral interactions are far more common [13]. Although, we have been discussing 
the importance of lateral interactions, there are scenarios where they may not be so 
important, e.g.: O adlayer formation on the Pd (111) surface for the oxidation of CO [14].  
However, considering above discussions, one may agree about the importance of 
understanding lateral interactions and their effects on various physical and chemical 
phenomena on a catalytic surface.  
Several approaches have been tried in the past to capture the effects of lateral interactions. In 
many a case, lateral interactions can be determined from experiments (e.g.: from temperature 
programmed desorption experiments) under the assumption of pairwise additivity, but these 
approaches are too limited in scope and significantly time consuming [17]. Petrova and 
Yakovkin [18] studied CO oxidation on Pt (111) surface, where they modelled lateral 
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interactions with effective potentials, the parameters of which were determined from 
experimental data on adlayer stability. However, Nagasaka et al. [19] studied the same 
system using KMC simulations, incorporating the lateral interactions as determined by DFT 
data. Both the approaches were limited to the specific system of CO oxidation on Pt (111) 
surface for selected configurations. Extending the approaches would have required extensive 
experimental data or a lot of DFT calculations over many configurations. Nakhil et al. [20] 
developed a novel theoretical approach for the description of high-pressure isotherms where 
they considered the lateral interactions between adsorbates. They developed their model 
based on grand canonical partition functions from statistical physics. They applied their 
model to the adsorption of several gases on metal organic framework HKUST-1 and found 
that lateral interactions were necessary to describe the adsorption of N2, CH4 and CO2 at high 
pressures. The model proved useful in predicting some thermodynamic functions but 
essentially was, fairly limited in scope to select few gas phase adsorptions. Sillar et al. [21] 
while calculating isotherms for CO2 in the metal-organic framework CPO-27-Mg used a 
Langmuir model augmented with Bragg-Williams model for lateral interactions which they 
referred to as a mean-field approximation (MF). These isotherms closely agreed with the 
experimental results confirming the applicability of the approach even in the presence of 
strong lateral interactions; which were considered as a function of pressure rather than 
surface coverage under this approach. However, this approach too was found to be applicable 
to select few situations. Metaxa et al. [22] have in the past developed a theoretical model to 
capture the lateral interactions for the adsorption of volatile organic compounds like ethanol, 
acetaldehyde and acetone on the surface of rutile. This model too treated the interactions to 
be pressure dependent, like the above model. Many computational approaches have also been 
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tried in the past and currently these approaches are the most sought after to capture the lateral 
interactions among adsorbates. One of the many popular approaches is kinetic Monte Carlo 
(KMC) simulations for adsorption phenomena where a specific model for lateral interactions 
is used. Mei et al. [2] used KMC simulations to model the NO decomposition over Pt and Rh 
surfaces. They used DFT calculations to examine the changes in binding energies as a 
function of coverage and then fitted the data to a bond order conservation model to obtain the 
parameters for lateral interactions. BOC models are frequently used to find the lateral 
interaction parameters using DFT calculations. Bray et al. [9] used KMC simulations to study 
the oxidation of NO over Pt surface; however, they used cluster expansion approaches to 
model the lateral interactions. Cluster expansion approaches are the most popular methods to 
capture the lateral interactions. Cluster expansions were initially developed to find phase 
diagrams and stable structures of metal oxides and bulk phase of metal alloys. ([24] – [28])  
Tan et al. [2] used a modified version of micro kinetic model to capture lateral interactions 
and were successfully able to do so for NO-CO reaction system on Rh (100) and Rh (111). 
Recently Pineda et al. [24], developed a cluster mean field approximation approach to 
develop higher order approximations that could capture spatial inhomogeneity arising as an 
effect of lateral interactions, at more minute details and accuracy. The approach was tested 
for NO oxidation on Pt surface, and although the approach being computationally more 
intensive, performed better than KMC simulations. Frey et al. [5] studied the NO oxidation 
on different metals using cluster expansion techniques and found that metals that bind 
oxygen with an ordered arrangement tend to be inactive because fewer sites were available 
for O2 dissociation. 
Since, cluster expansion hamiltonians are computationally very expensive they are generally 
6 
used in conjunction with machine learning techniques or genetic algorithms. Vignola et al. 
[25] recently successfully used graph theoretical cluster expansions along with machine 
learning techniques to study the adsorption of ethylene on Pd (111) surfaces, where few 
coupling terms were introduced to account for lateral interactions. Nielsen et al. [26] used a 
parallelized version of a general cluster expansion hamiltonian incorporated into a graph 
theoretic KMC framework: zacros available through online licensing portal e-Lucid [27], 
which they claimed allowed them detailed treatment of adlayer energetics at any reasonable 
level of accuracy. They successfully tested it on NO oxidation, a case where lateral 
interactions were found to have a significant effect on binding energies. Stamatakis et al. [28] 
used a graph theoretic KMC framework for the simulations of water gas shift reaction on a Pt 
(111) surface where they used cluster expansion hamiltonians to model lateral interactions. 
Cluster expansions, as already stated, are the most popular approaches to capture adsorbate-
adsorbate lateral interactions. Cluster expansion approaches use a set of n-body interaction 
terms where n could be anything from 1 to maximum possible interaction terms. With 
massively parallel computer architecture becoming easily available, cluster expansion 
approaches with significant accuracy with respect to the DFT calculations could be easily 
incorporated in KMC simulations. This could enable computational studies of molecular-
scale processes on catalysts at a very high level of detail, which could unravel new 
chemistries. [28] 
As stated already, usually, machine learning or genetic algorithms are used to find the 
relevant set of interaction terms and a training set of selected set of configurations is used to 
find the optimum parameters using DFT calculations. Statistical measures like cook’s 
distance or coverage score are used to measure the acceptability of a training set of 
7 
configurations. To reiterate the above points, schemes like machine learning, genetic 
algorithms or steepest descent algorithms can be used to select the appropriate clusters.  
However, cluster expansion approaches are found to be extremely tedious to carry out and 
even in tandem with machine learning techniques or genetic algorithms they have been found 
to be computationally expensive even for simplest of the cases. Also, they have limited 
applicability and can be used to predict the binding energies of select few configurations that 
are close to the sample space of configurations used to construct the hamiltonians in the first 
place. Hence, it is important to devise a new method to capture the effects of lateral 
interactions.  
My work is built upon the initial work carried out by Roling et. al. [29] where they 
parameterized the binding energy of metals on the same metal catalytic slabs, based on a 
coordination-based parameterization approach.  They also discovered linear scaling relations 
[30] between the binding energy of metal-adsorbate complexes and the binding energies of 
metal atoms to the catalytic slabs. This opens a remarkable gateway to catalytic screening 
and other related problems by using few DFT calculations to evaluate metal binding energies 
and then using it to calculate complex binding energies which also are directly related to 
atomic species’ binding energies; using selected slab-based calculations. Only, missing piece 
of the puzzle is a model for adsorbate-adsorbate lateral interactions.  
In my present work I have pursued this line of approach to study lateral interactions between 
adsorbates, since if there were relations between adsorptions of metals there could also be 
similar relationships for the adsorptions of simple atomic species to the slabs, provided such 
interaction was solely taking place based on the coordination numbers of adsorbing sites. I 
have considered seven candidate transition metals: Ag, Au, Cu, Ir, Pd, Pt, Rh for nano-
8 
catalytic systems and four gas phase species for adsorptions: C, N, O and CO and later NO as 
well for overall study. These simple gas phase molecules are the building blocks of most of 
the common chemical reaction networks and hence are a good starting point to investigate 
adsorption phenomena. In the first part of my work, I have successfully established 
parameterization schemes to model the adsorption of these candidate transition metal atoms 
on a slab devoid of such metal atoms.  
In the second part of my work, I have successfully established site-specific linear scaling 
relations between the binding energies of above adsorbate species and metal atom’s binding 
energies considering single adsorption events which would not incur lateral interactions. 
Such relationships could be used as DESCRIPTORS for binding energies of adsorbates in 
terms of binding energies of metal atoms to the surface. The relationships can also be used as 
PREDICTORS to predict the binding energies of other adsorption events. In the final part of 
my work, I have introduced an interaction parameter γ to capture the effects of lateral 
interactions. This parameter is added to the scaling relationships to evaluate the overall 
binding energies of adsorbates in multi-adsorption events. All the factors contributing 
towards interaction parameter were lumped in distance between the interacting species and 
hence, γ was assumed to be dependent on distance between the interacting species only.  
In the third part of my work, I have studied the reaction mechanism of NOX species 
reductions on catalytic surfaces in an electrochemical environment. Such, species are 
common, harmful pollutants and hence are a subject of constant attention from the scientific 
community. Also, the reduction of these species on a catalytic surface exhibits significant 
lateral interaction and hence, this becomes a good test case for examining the interaction 
parameter hypothesis. So, as a first, I established a reaction network of NOX species 
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reductions by considering several possible intermediates via which NOX species could 
transform into products. NO3 ions were chosen as a starting point of the reactions which 
would result into 3 possible products: N2 (g), NH3 (g) and N2O (g) through several reaction 
pathways. Such, pathways were also investigated at different electrochemical potential to 
investigate any change in the reaction network. In the final part of my work, I have 
investigated the interaction parameter for NO species adsorptions considering two species 
adsorptions at first and second nearest neighbor separations. It is noteworthy that so far, no 
well-established reaction network has been developed for NOX species reductions which 
could be used in all the common problems. Hence, the reaction network that I have 
established could also be useful to study nitrate reduction mechanisms in a variety of 











CHAPTER 2.    MATERIALS AND METHODS 
Package: I have used VASP 5.4.4 (DFT) package for all my computations ([42], [43]) 
Potentials: projector augmented wave PAW potentials were used throughout this study 
([44], [45]) 
Functionals: GGA-PW91 functionals were used throughout this study [41] 
Problem setup: Throughout the study I have used periodic boundary conditions along all 







Figure 2.1 Surface calculations job set-up: periodic boundary conditions & vacuum spacing 
 
Gas phase calculations: Gas phase calculations were performed for all gases from C, 
N, O and CO to all intermediates considered for nitrate reaction mechanism. For 
vibrational calculations spin polarization option was set to YES in the INCAR files. 
Unit cell: 20.0 * 21.0 * 22.0 with 1 gas phase species atom. 
Periodic boundary conditions 
Vacuum spacing 
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Parameters: ENCUT was set to 400 and KPOINTS were set as per the 
gamma scheme 
Lattice constant calculations (bulk calculations): 
 Unit cell: 1 * 1 * 1 bulk 
 Parameters: ENCUT was set to 400 and KPOINTS were set to 21 * 21 * 21 
with Monkhorst Pack [46] 
Parameterization schemes:  
  Bulk calculations:  
Unit cell: 3 * 3 * 3 bulk with all layers relaxed 
Parameters: ENCUT was set to 400 and KPOINTS were set to 3 * 3 
* 3 with Monkhorst Pack [46] 
Bulk calculations with one atom removed:  
Unit cell: 3 * 3 * 3 bulk with one atom removed with all layers 
relaxed 
Parameters: ENCUT was set to 400 and KPOINTS were set to 3 * 3 
* 3 with Monkhorst Pack [46] 
Surface calculations: 
(100) surfaces: Clean slab calculations and adsorptions of 1 and 2 
metal atoms were performed on the similar metal surfaces 
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Unit cell: 2 * 2 * 4 surface with 6 layers of vacuum. Bottom 2 
layers were fixed, and top 2 layers were relaxed 
Adsorption sites: top, bridge and hollow 
Parameters: ENCUT was set to 400 and KPOINTS were set 
to 6 * 6 * 1 with Monkhorst Pack [46] 
(111) surfaces: Clean slab calculations and adsorptions of 1 and 2 
metal atoms were performed on the similar metal surfaces 
Unit cell: 2 * 2 * 4 surface with 6 layers of vacuum. Bottom 2 
layers were fixed, and top 2 layers were relaxed 
Adsorption sites: fcc and hcp 
Parameters: ENCUT was set to 400 and KPOINTS were set 
to 6 * 6 * 1 with gamma scheme 
(211) surfaces: Clean slab calculations and adsorptions of 1 and 2 
metal atoms were performed on the similar metal surfaces 
Unit cell: 3 * 3 * 4 surface with 5 layers of vacuum. Bottom 2 
layers were fixed, and top 2 layers were relaxed 
Adsorption sites: edge top and edge bridge 
Parameters: ENCUT was set to 400 and KPOINTS were set 




Surfaces: (100), (111) and (211) surfaces were used to model the catalytic 
surface and modified (100), (111) and (211) slabs were used as well to change the 
coordination number of sites. These modified slabs were used to generate additional 
data points and were created by adding additional metals atoms to the regular slabs to 
create similar adsorption sites but with different coordination numbers.  
(100) surfaces: Clean slab calculations and single adsorption calculations 
were performed for the adsorptions of C, N, O and CO on the surfaces 
Unit cell: 3 * 3 * 4 surface with 6 layers of vacuum spacing. Bottom 2 
layers were fixed, and top 2 layers were relaxed. In some of the cases, x and y 
movement of adsorbate had to be fixed to restrict movement in these 
directions where sites like top aren’t a natural adsorption sites for some 
adsorbates 
Adsorption sites: top, bridge and hollow 
Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with Monkhorst Pack [46] 
(111) surfaces: Clean slab calculations and single adsorption calculations 
were performed for the adsorptions of C, N, O and CO on the surfaces 
Unit cell: 3 * 3 * 4 surface with 6 layers of vacuum spacing. Bottom 2 
layers were fixed, and top 2 layers were relaxed. In some of the cases, x and y 
movement of adsorbate had to be fixed to restrict movement in these 
14 
directions where sites like top aren’t a natural adsorption sites for some 
adsorbates 
Adsorption sites: fcc and hcp 
Parameters:  ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with gamma scheme 
(211) surfaces: Clean slab calculations and single adsorption calculations 
were performed for the adsorptions of C, N, O and CO on the surfaces 
Unit cell: 3 * 3 * 4 surface with 5 layers of vacuum spacing. Bottom 2 
layers were fixed, and top 2 layers were relaxed.  
Adsorption sites: edge top and edge bridge 
Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with Monkhorst Pack [46] 
Interaction parameter: 
 Surfaces: (100) and (111) surfaces were used to model the catalytic surface 
 (100) surfaces: 2 adsorption events computations were performed at first 
nearest neighbor separation and second nearest neighbor for the adsorptions of C, N, 
O, CO and NO species on the surfaces 
Unit cell: 3 * 3 * 4 with 6 layers of vacuum spacing. Bottom 2 layers 
were fixed, and top 2 layers were relaxed. 
Adsorption sites: top-top, bridge-bridge, hollow-hollow 
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Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with Monkhorst Pack [46] 
(111) surfaces: 2 adsorption events computations were performed at first 
nearest neighbor separation and second nearest neighbor for the adsorptions of C, N, 
O, CO and NO species on the surfaces 
Unit cell: 3 * 3 * 4 with 5 layers of vacuum spacing. Bottom 2 layers 
fixed, and top 2 layers were relaxed. 
Adsorption sites: fcc-fcc, hcp-fcc, hcp-hcp 
Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with gamma scheme 
Nitrate reaction mechanism:  
 Surfaces: (100) and (111) surfaces were used to model the catalytic surface 
 (100) surfaces: Single adsorption computations were performed for several 
intermediates on the surfaces 
Unit cell: 3 * 3 * 4 with 6 layers of vacuum spacing. Bottom 2 layers 
fixed, and top 2 layers were relaxed. 
Adsorption sites: top, bridge, hollow, and many other configurations 
with adsorbate atoms sharing more than one site 
Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with Monkhorst Pack [46] 
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 (111) surfaces: Single adsorption computations were performed for several 
intermediates on the surfaces 
Unit cell: 3 * 3 * 4 with 6 layers of vacuum spacing. Bottom 2 layers 
fixed, and top 2 layers were relaxed. 
Adsorption sites: fcc, hcp, and many other configurations with 
adsorbate atoms sharing more than one site 
Parameters: ENCUT was set to 400 and KPOINTS were set to 6 * 6 
* 1 with gamma scheme 
Vibrational & Free energy calculations: As part of the nitrate 
electroreduction mechanism, vibrational calculations were performed using the 
CONTCARS from the geometry optimization calculations to calculate entropy and 
zero-point energy (ZPE) corrections. The ZPE correction was taken into account 
while calculating the free energy of all nitrate intermediates. This was calculated by 
choosing a quantum harmonic oscillator for which vibrational frequencies were 
calculated by a numerical differentiation method of forces in which a second order 
finite difference approach was used [48]. The modes and frequencies of vibrational 
contributions were calculated by mass-weighting and diagonalization of the Hessian 
matrix. All three modes: translational, vibrational and rotational were included in the 
calculation of entropy. The reference states chosen for gas-phase free energies were 
DFT calculated energies of H2O (g), H2 (g) and NO3 (g). 
So, for each species, free energy is calculated as per the following equation:  
G = 𝐸𝑇𝑜𝑡._𝐷𝐹𝑇 − 𝐸𝑆𝑙𝑎𝑏_𝐷𝐹𝑇 − 𝑇𝑆𝐷𝐹𝑇 + 𝑍𝑃𝐸𝐷𝐹𝑇                         (2.1) 
17 
Here, E is the total DFT calculated energy of a species, T is the standard temperature 
at 298.15 K and S is the entropy value. ZPE, as already stated above is the zero-point 
energy correction value. The total energy is calculated relative to the clean surface 
and S and ZPE were calculated for the adsorbed state. All the free energies of bond 
breaking steps were calculated with an underlying assumption of products being at 
infinite separation.  
Computational hydrogen electrode was used in order to take into consideration the 
effect of the electrochemical potential on the free energies of adsorbed species. [47] 
Thus, in reversible hydrogen electrode (RHE), hydrogen gas is in equilibrium with 
protons and electrons at all pH, the standard temperature of 298.15 K and a pressure 
of 1 atm pressure of H2 (g) at a potential of 0.00 VRHE, as per the reaction:  
𝐻2 ↔ 2(𝐻
+ + 𝑒−)                                                   (2.2) 
So, the change in free energy was calculated as:  
∆G = ∆𝐸 − 𝑇∆𝑆 + ∆𝑍𝑃𝐸                                              (2.3) 
And electrochemical correction to ∆G, was added as: 
 ∆G = ∆G (without correction) + |𝑒|𝑈                                     (2.4) 
Contribution is added here, since all steps involve a gain in the proton. This shall 
apply to all the electrochemical steps only. All values of cell potential considered are 




Regressions models:  
Parameterization scheme: Excel’s regression package was used to carry out 
the multivariable linear regressions for determining the parameters corresponding to 
the parameterization scheme.  
Scaling relationships & interaction parameters: Excel was used to find the 
best-fit linear regression lines. A measure or error was determined by root mean 
square error analysis and mean absolute error analysis. An acceptance criterion of 






CHAPTER 3.    BINDING ENERGY CALCULATIONS 
Binding energy is calculated as a difference in DFT calculated energy of slab plus adsorbate 
assembly and the DFT calculated energy of slab and DFT calculated energy of gas phase 
adsorbate. 
∆E (eV) = 𝐸𝐷𝐹𝑇
𝑇𝑜𝑡𝑎𝑙 −  𝐸𝐷𝐹𝑇
𝑆𝑙𝑎𝑏 −  𝑛 ∗ 𝐸𝐷𝐹𝑇
𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒                                    (3.1) 
Here, EDFT corresponds to DFT calculated energy values in eV and left hand side corresponds 





Figure 3.1 Typical adsorption phenomena: a gas phase atom adsorb on a nano-catalytic slab 
 
For studying adsorption phenomena, the most important parameter is binding energy. 
Binding energy is a measure of the energy exchange during the process of adsorption.  
Binding energies could easily be converted to activation energies which can then be used to 
construct potential energy diagrams. Potential energy diagram could then be used to evaluate 
the entire reaction mechanism; hence binding energy is the most important parameter to 




CHAPTER 4.    RESULTS AND DISCUSSIONS: LATTICE CONSTANT 
OPTIMIZATIONS 
In any adsorption study the candidate metals chosen for catalytic systems need to be 
characterized in terms of their lattice constants first. I performed bulk calculations for all the 
seven transition metals by varying the lattice constant across values, lying within 3.00 to 4.80 
varying from metal to metal, in steps of 0.001 and calculated the DFT energy of each 
configuration. Then a graph of energy versus lattice constants was plotted for each chosen 
lattice constant. Point of minima in this graph corresponds to the lattice constant of the 
corresponding metal.  
Table 4.1 Lattice constants as calculated by VASP 5.4.4 
























Figure 4.1 Energy versus lattice constant plots for the seven transition metals 
Ag 
Rh 
Pt Pd Ir 
Cu Au 
Plot of DFT calculated energy E (eV) versus lattice constant (Å) 
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CHAPTER 5.    RESULTS AND DISCUSSIONS: GAS PHASE CALCULATIONS 
Gas phase DFT calculations were performed for C, N, O, CO, NO, NO3, NO2, NO2OH, 
NOOH, HNO, H2NO, H2NOH, NH2, NH3, NOH, HNOH, N, NH, N2, N2O2, N2O2H, N2O 
and N2OH. Additionally, vibrational calculations were performed for NO, NO3, NO2, 
NO2OH, NOOH, HNO, H2NO, H2NOH, NH2, NH3, NOH, HNOH, N, NH, N2, N2O2, 
N2O2H, N2O and N2OH to calculate entropy and ZPE correction values. Symmetry numbers 
were evaluated as per the study of Ramos et. al. [40] and were used in the calculations of 
entropy values. 
Table 4.2 Symmetry numbers for gas phase species 







N2O2 (cis) 1 
N2O2 (trans) 1 
NH2NO 1 
NH2NO (cisTrans) 1 
NH2NO (transCis) 1 
NH2NO (transTrans) 1 
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It is to be noted that, while the calculations of ∆G for reaction networks references used were 
NO3 (g), H2O (g) and H2 (g) 
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CHAPTER 6.    RESULTS AND DISCUSSIONS: PARAMETERIZATION SCHEMES 
This part of the work is built upon Roling et. al. [29] ‘s work on parameterization scheme to 
calculate the binding energy of metal atoms binding to the similar metal slabs. Here, I have 
replicated the above work to establish the parameterization schemes again at my end.  
𝐸𝑛
𝑍 = ∑ 𝛼𝑘
𝑍𝑛
𝑘=1
                                                       (6.1) 
The above equation corresponds to the parameterization scheme, where energy of adsorption 
of metal atoms is calculated as a summation of parameters corresponding to each bond 
formation. Left hand side corresponds to the energy of adsorption in eV. N denotes the n-th 
bond formation and z denotes the atomic number. Right hand side is a summation over all 
bonds from 1 to n and αk denotes the energy of k-th bond formation.  
Each metal adsorption would change the coordination number of the adsorbing metal atom as 
well as that of the surrounding adsorbing atoms. So, in parameterization scheme each 
parameter corresponds to an energy equivalent to first bond formation, second bond 
formation and so on up to 12th bond formation. In the scheme parameters 1-3 are lumped 
together in one, since first adsorption itself would change the coordination of adsorbing atom 
from 0 to 3. It is to be noted that the binding energy of less coordinated atoms would be 
stronger than that with highly coordinated atoms and hence, the energy of forming the first 
bond would be the most negative and it will decrease as we move towards higher number of 
bond formations. Hence, the corresponding parameters would follow the same trend. So, 
calculating the metal adsorption energies involved calculating the energy corresponding to 
these 12 parameters which was calculated from DFT calculation results by a linear regression 
fit. Up to 4 metal atoms adsorption was considered exactly as per the study by Roling et. al. 
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[29] on (100) and (111) lattices to incorporate all parameters values ranging from 1 to 12. 
Bulk calculations were also performed to incorporate the changes in the 12th parameter. 
Table 6.1 Parameter values for all seven transition metals 
Parameters Ag Au Cu Ir Pd Pt Rh 
𝛼1−3
𝑍  -1.555 -2.115 -2.080 -4.327 -2.328 -4.149 -3.638 
𝛼4
𝑍 -0.189 -0.221 -0.279 -0.613 -0.277 -0.250 -0.490 
𝛼5
𝑍 -0.090 -0.104 -0.099 -0.250 -0.104 -0.224 -0.119 
𝛼6
𝑍 -0.101 -0.133 -0.139 -0.323 -0.157 -0.174 -0.229 
𝛼7
𝑍 -0.115 -0.094 -0.171 -0.331 -0.190 -0.185 -0.259 
𝛼8
𝑍 -0.098 -0.081 -0.138 -0.257 -0.158 -0.110 -0.217 
𝛼9
𝑍 -0.086 -0.097 -0.136 -0.428 -0.133 -0.187 -0.291 
𝛼10
𝑍  -0.114 -0.076 -0.184 -0.418 -0.128 -0.081 -0.313 
𝛼11
𝑍  -0.106 -0.059 -0.162 -0.348 -0.127 -0.074 -0.289 
𝛼12
𝑍  -0.065 -0.041 -0.087 -0.175 -0.109 -0.085 -0.173 
MAE 0.011 0.022 0.013 0.092 0.006 0.019 0.035 
MAX 0.030 0.051 0.049 0.204 0.012 0.072 0.097 
 
MAE and MAX are mean absolute error and maximum errors respectively which were found 
to be reasonably small hence the parameterization scheme was found to be successful in 
replication.  
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CHAPTER 7.    RESULTS AND DISCUSSIONS: SCALING RELATIONSHIPS 
In this part of the work I have established linear scaling relationships between the binding 
energy of single adsorbates: C, N, O and CO and the binding energies of metal atoms to the 
metal surface for all seven candidate transition metal atoms. (111), (100) and (211) surfaces 
were considered for the adsorptions.  
∆𝐸𝐴 = 𝛼 ∗ ∆𝐸𝑀 + 𝛽                                                   (7.1) 
Here, left-hand side is the binding energy of adsorbates in eV and right-hand side is the linear 







Figure 7.1 (100), (111) and (211) surfaces and the corresponding adsorption sites 
 
This part of the work was based on the ChemCat chem model study performed by Roling et. 
al. [30], where they discovered linear scaling relationships between the binding energies of 
metal-adsorbate complexes and metal binding energies. Hence, it is expected to find; which 
was established later in this study as well; linear scaling relationships between the binding 
Top Bridge Hollow Fcc Hcp 
Edge top Edge bridge 
(100) surfaces (111) surfaces (211) surfaces 
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energies of gas phase adsorbates and the binding energies of the adsorbing metal atoms to the 
metallic slabs.   
I have also considered modified versions of (111), (100) and (211) surfaces with additional 
atoms to introduce new vacancies for structural sensitivity analysis. Modified versions 
introduce similar sites for adsorptions as present for the regular slabs but with different 
coordination numbers for the adsorbing metal atoms and hence different binding energies for 





Figure 7.2 Modified versions of (100), (111) and (211) surfaces 
 
So, to elaborate further there were two parameters important for this piece of work: ∆EM 
(energy of adsorbing metal atom to the metallic slab without these metal atoms) and ∆EA 
(100) modified surfaces (111) Fcc modified surfaces (111) Hcp modified surfaces 
(211) Fcc modified surfaces (211) Hcp modified surfaces 
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(Energy of adsorbing the adsorbate to the metallic slab). So, as an example, for fcc sites, 3 
metal atoms would participate in the bond-formation with the adsorbate. Hence, considering 
the removal of these 3 metal atoms from the slab and adsorbing them back to the metal atom 
in their respective position would constitute an amount of energy ∆EM . However, this energy 
would be scaled down by 3 for fcc case, since it is calculated per atom basis. Similarly, for 
bridge sites the metal adsorption energy would correspond to the adsorptions of two bridge 
metal atoms to a slab without these atoms and the equivalent energy would be divided by 
two. Same approach is followed for adsorptions on top sites (1 atom participation), hcp sites 
(3 atoms participation), 4-fold hollow sites (4 atoms participation). 
 
 
Figure 7.3 Metal atoms adsorption: 3 metal atoms adsorb in their position in the 111 slab 
 
Since, the adsorption energy would be weaker for the cases where metal binding energy to 
the surface is stronger it was expected that binding energies of adsorbates would follow a 
decreasing downward trend against binding energies of metal atoms. A best-fit linear 
regression was carried out to determine all the scaling relationships. An error analysis by 
Fcc metal atoms adsorptions to the slab without these atoms 
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calculating root mean squared error (RMSE) and mean absolute error (MAE) was carried out 
for all the cases. All the linear scaling relationships were carried out site-wise, since each site 
offers a different coordination number for adsorption to the gas phase species, hence a 
separate scaling relationship was established for each site type. It is to be noted that despite 
offering same coordination numbers for adsorptions, fcc and hcp sites exhibited different 
scaling relationships and hence, two distinct lines were found for fcc and hcp cases. Hence, 
different scaling relationships were worked out for fcc and hcp cases. This was attributed to 
the participation of bottom metal atom in bond formation for hcp case, a situation absents for 
the fcc case.  
Below I have presented results and analysis for scaling relationships for cases of top, bridge, 







    
  





















































































































Top site scaling relationships 
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Table 7.1.1 Top scaling relationships parameter values for seven transition metals (C and O) 
 Ag Au Cu Ir Pd Pt Rh 
C        
Slope 0.68 0.13 0.64 0.14 0.12 -0.04 0.07 
Intercept 0.13 -2.03 -0.34 -4.4 -3.78 -5.24 -4.88 
R2 0.97 0.28 0.96 0.40 0.28 0.01 0.17 
RMSE 0.01 0.02 0.02 0.04 0.06 0.14 0.04 
MAE 0.01 0.02 0.02 0.03 0.05 0.12 0.04 
O        
Slope 0.30 -0.08 0.04 -0.13 -0.08 -0.33 -0.16 
Intercept -1.24 -2.17 -2.86 -5.45 -3.27 -5.17 -5.13 
R2 0.69 0.13 0.08 0.31 0.12 0.57 0.56 
RMSE 0.05 0.02 0.03 0.15 0.06 0.12 0.03 













Table 7.1.2 Top scaling relationships parameter values for seven transition metals (N and 
CO) 
 Ag Au Cu Ir Pd Pt Rh 
N        
Slope 0.56 -0.00 0.43 0.01 0.01 -0.33 -0.09 
Intercept 1.18 -0.63 0.12 -4.11 -2.19 -4.81 -4.22 
R2 0.91 0.00 0.87 0.00 0.00 0.63 0.26 
RMSE 0.04 0.02 0.05 0.10 0.05 0.10 0.10 
MAE 0.04 0.02 0.04 0.08 0.05 0.08 0.08 
CO        
Slope -0.31 -0.61 -0.28 -0.15 -0.16 -0.34 -0.04 
Intercept -1.21 -2.60 -2.00 -3.56 -2.24 -4.02 -2.27 
R2 0.93 0.97 0.94 0.79 0.90 0.91 0.13 
RMSE 0.02 0.03 0.03 0.08 0.03 0.07 0.08 
MAE 0.02 0.03 0.02 0.06 0.02 0.06 0.07 
 
The points plotted above corresponds to (111) top, (100) top, (211) edge top, (111) modified 
fcc top, (111) modified hcp top and (100) modified top. For CO; (211) modified fcc top and 
(211) modified hcp top cases were also included. These two sites were not conducive for 
adsorptions for C, N and O adsorbates. The relative values among these sites didn’t follow 
any specific trend and as long as there are no outliers; the relative values won’t matter much 
in the context of the analysis presented here. Even for the cases which appears to show some 
scatter, the model very well explains the trend as reflected by the error values. 
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All the values have errors very small. Typically, in DFT calculations acceptable range of 
error [31] is below 0.15. Ir exhibits RMSE of 0.15 for O case which is still acceptable since 
Ir is known to exhibit high error values but still it admits such linear relationships [30]. As 
expected, we can see a decreasing trend for most of the cases; exceptions being Ag and Cu 
cases for both C and N adsorptions and Ag case for O adsorptions. The positive slope for 
these cases has been established earlier as well and there is no known explanation for this 
behavior31; however, this doesn’t render the linearity of relationships invalid. D-band model 
is used to study the trends in adsorption phenomena for transition metals. Pedersen et. al. [31] 
related the d-band energy contribution towards the binding energy of atomic adsorbate with 
that of valency of corresponding hydrogenated molecular species and d-band energy 
contribution of its adsorption energy as per the d-band model. However, there is no known 
explanation for relation between valency and coupling to the d-states of metal, which 
possibly could explain a positive slope. The graphs also, more or less follows a trend as per 
the periodic table. Metals to the right in the periodic table (higher groups) has a higher 
standing in the model along the y-axis. This, information might be useful in predicting the 
placement of metals for an instance, Osmium.  
RMSE and MAE are root mean square errors and mean absolute errors respectively and give 
an adequate measure of the applicability of the model. R2 is another measure which gives the 
good of the fit of the line. However, it doesn’t really capture the cases where points are still 
on an almost horizontal line but still are on a straight line without appreciable scatter. So, the 
relationships are perfectly valid even for cases where we see a very low R2 value. Hence, 
hereby I have established and validated the existence of linear scaling relationships between 













































































































































Bridge site scaling relationships 
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Table 7.2.1 Bridge scaling relationships parameter values for seven transition metals (C and 
O) 
 Ag Au Cu Ir Pd Pt Rh 
C        
Slope 0.65 0.02 0.55 0.18 0.22 0.00 0.08 
Intercept -1.27 -3.85 -2.34 -5.15 -5.27 -6.36 -6.02 
R2 0.84 0.00 0.57 0.24 0.27 0.00 0.12 
RMSE 0.07 0.00 0.13 0.13 0.12 0.00 0.10 
MAE 0.07 0.00 0.12 0.11 0.11 0.00 0.09 
O        
Slope 0.20 -0.07 -0.11 0.02 0.01 -0.13 0.00 
Intercept -2.70 -3.13 -4.83 -4.62 -4.02 -4.87 -4.84 
R2 0.69 0.03 0.40 0.00 0.00 0.07 0.00 
RMSE 0.03 0.03 0.06 0.05 0.04 0.02 0.06 









Table 7.2.2 Bridge scaling relationships parameter values for seven transition metals (N and 
CO) 
 Ag Au Cu Ir Pd Pt Rh 
N        
Slope 0.44 -0.05 0.22 0.11 0.10 -0.10 -0.03 
Intercept -0.50 -2.13 -2.39 -4.02 -3.59 -4.84 -4.67 
R2 0.79 0.02 0.27 0.08 0.16 0.04 0.02 
RMSE 0.06 0.00 0.09 0.15 0.08 0.01 0.08 
MAE 0.05 0.00 0.09 0.04 0.08 0.01 0.07 
CO        
Slope -0.02 -0.25 -0.07 -0.14 -0.09 -0.22 -0.10 
Intercept -0.33 -1.37 -1.18 -3.19 -2.30 -3.33 -2.73 
R2 0.00 0.47 0.14 0.37 0.53 0.74 0.38 
RMSE 0.06 0.08 0.06 0.16 0.03 0.07 0.08 









The points plotted above corresponds to (111) bridge, (100) bridge, (211) edge bridge, (111) 
modified fcc bridge, (111) modified hcp bridge and (100) modified bridge. For CO; (211) 
modified fcc bridge and (211) modified hcp bridge cases were also included. These two sites 
were not conducive for adsorptions for C, N and O adsorbates. The relative values among 
these sites didn’t follow any specific trend and as long as there are no outliers; the relative 
values won’t matter much in the context of the analysis presented here. Even for the cases 
which appears to show some scatter, the model very well explains the trend as reflected by 
the error values. All the values have errors very small. Here too, Ir exhibits RMSE of 0.16 
and MAE of 0.15 for CO case which is still acceptable as stated above. As expected, we can 
see a decreasing trend for most of the cases; exceptions being Ag, Cu and Pd cases for both 
C, Ag and Cu for N and Ag case for O adsorptions. The positive slope here too has an 
unknown explanation but again this doesn’t render the linearity of relationships invalid. As 
explained for top cases the d-band model might throw some light here as well. R2 here too 
follows the same explanation as that for top site adsorption cases. So, the relationships are 
perfectly valid even for cases where we see a very low R2 value. Hence, hereby I have 
established and validated the existence of linear scaling relationships between the binding 
energies for bridge site adsorptions as well. It is to be noted here that, bridge sites don’t 





























































































































































Fcc/Hcp different lines 
relationships 
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Table 7.3.1 Fcc and hcp showing different scaling relationships – parameters (C and O) 
 Ag Au Cu Ir Pd Pt Rh 
C        
Slope -0.23 -0.64 -0.42 -0.25 -0.32 -0.41 -0.32 
Intercept-1 -4.17 -6.67 -6.50 -8.97 -8.32 -9.51 -9.24 
Intercept-2 -4.16 -6.64 -6.62 -9.46 -8.35 -9.59 -9.50 
O        
Slope -0.30 -0.45 -0.51 -0.43 -0.14 -0.37 -0.27 
Intercept-1 -4.49 -4.74 -6.85 -8.59 -5.10 -6.58 -6.99 
Intercept-2 -4.39 -4.54 -6.76 -8.24 -4.95 -6.39 -6.96 
 
Table 7.3.2 Fcc and hcp showing different scaling relationships – parameters (N and CO) 
 Ag Au Cu Ir Pd Pt Rh 
N        
Slope -0.28 -0.55 -0.47 -0.33 -0.30 -0.32 -0.29 
Intercept-1 -2.98 -4.37 -5.65 -7.95 -5.98 -6.70 -7.18 
Intercept-2 -2.88 -4.20 -5.58 -8.12 -5.87 -6.74 -7.50 
CO        
Slope 0.05 -0.16 -0.08 -0.16 -0.13 -0.20 -0.14 
Intercept-1 -0.05 -0.90 -1.26 -3.00 -2.63 -3.04 -2.86 
Intercept-2 -0.05 -0.94 -1.29 -3.08 -2.60 -3.05 -2.92 
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Here, I have fixed the slope to that of combined results of fcc + hcp scaling relationships. 
The different intercepts then clearly reflect that there are two different lines corresponding to 
fcc and hcp cases. Hence, the succeeding analysis would argue about different sets of linear 
scaling relationships for fcc and hcp cases, even though both sites offer 3-fold coordination 
for adsorption. As stated earlier as well, the bottom metal atom can also participate in bond 
formation with the adsorbate hence the two cases exhibit different scaling relationships. 
 
  























































































































Fcc site scaling relationships 
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Table 7.4.1 Fcc site scaling relationships parameter values (C and O) 
 Ag Au Cu Ir Pd Pt Rh 
C        
Slope -0.16 -0.56 -0.30 -0.20 -0.31 -0.24 -0.32 
Intercept -4.0 -6.40 -6.06 -8.52 -8.27 -8.55 -9.24 
R2 0.69 0.92 0.56 0.50 0.97 0.81 0.85 
RMSE 0.03 0.05 0.11 0.21 0.03 0.07 0.10 
MAE 0.03 0.04 0.09 0.18 0.02 0.06 0.09 
O        
Slope -0.33 -0.56 -0.56 -0.43 -0.15 -0.28 -0.28 
Intercept -4.58 -5.07 -7.00 -8.53 -5.14 -6.08 -7.02 
R2 0.70 0.89 0.87 0.92 0.70 0.84 0.75 
RMSE 0.07 0.06 0.09 0.14 0.05 0.08 0.12 














Table 7.4.2 Fcc site scaling relationships parameter values (N and CO) 
 Ag Au Cu Ir Pd Pt Rh 
N        
Slope -0.29 -0.61 -0.47 -0.35 -0.12 -0.12 -0.18 
Intercept -3.02 -4.58 -5.64 -8.05 -5.29 -5.57 -6.50 
R2 0.72 0.90 0.91 0.78 0.59 0.27 0.48 
RMSE 0.06 0.07 0.06 0.20 0.05 0.13 0.14 
MAE 0.05 0.06 0.05 0.17 0.04 0.11 0.13 
CO        
Slope 0.06 -0.10 -0.08 -0.19 -0.17 -0.17 -0.17 
Intercept -0.01 -0.71 -1.23 -3.26 -2.78 -2.88 -3.08 
R2 0.20 0.31 0.27 0.89 0.76 0.80 0.71 
RMSE 0.04 0.05 0.05 0.07 0.05 0.06 0.08 
MAE 0.03 0.05 0.05 0.06 0.04 0.05 0.07 
 
The points correspond to (111) fcc, (211) fcc, (111) modified fcc and (211) modified fcc. The 
relative values among these sites didn’t follow any specific trend and as long as there are no 
outliers; the relative values won’t matter much in the context of the analysis presented here. 
Even for the cases which appears to show some scatter, the model very well explains the 
trend as reflected by the error values. All the values have errors very small. Here too, Ir 
exhibits RMSE of 0.21 and MAE of 0.18 for C case and RMSE of 0.20 and MAE of 0.17 for 
N case, which is still acceptable as explained for top cases as well, Ir is known to exhibit 
somewhat higher error values. Here we have all downward trends as per expectation without 
an exception. R2 here too follows the same explanation as that for top site adsorption cases. 
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So, the relationships are perfectly valid even for cases where we see a very low R2 value. 
Hence, hereby I have established and validated the existence of linear scaling relationships 
between the binding energies for Fcc site adsorptions as well.  
  
  























































































































Hcp site scaling relationships 
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Table 7.5.1 Fcc site scaling relationships parameter values (C and O) 
 Ag Au Cu Ir Pd Pt Rh 
C        
Slope -0.32 -0.74 -0.46 -0.27 -0.33 -0.56 -0.34 
Intercept -4.38 -6.95 -6.91 -9.58 -8.38 -10.47 -9.59 
R2 0.98 0.93 0.63 0.95 0.97 0.97 0.99 
RMSE 0.01 0.06 0.16 0.06 0.03 0.07 0.02 
MAE 0.01 0.06 0.15 0.06 0.02 0.06 0.02 
O        
Slope -0.28 -0.38 -0.48 -0.46 -0.15 -0.48 -0.27 
Intercept -4.34 -4.32 -6.65 -8.43 -5.00 -6.97 -6.96 
R2 0.92 0.86 0.95 1.00 0.82 0.97 0.88 
RMSE 0.02 0.05 0.04 0.01 0.03 0.05 0.07 














Table 7.5.2 Fcc site scaling relationships parameter values (N and CO) 
 Ag Au Cu Ir Pd Pt Rh 
N        
Slope -0.28 -0.51 -0.48 -0.30 -0.50 -0.52 -0.34 
Intercept -2.89 -4.10 -5.63 -7.88 -6.63 -7.81 -7.95 
R2 0.84 0.93 0.97 0.84 0.84 0.92 0.97 
RMSE 0.04 0.04 0.03 0.14 0.10 0.10 0.04 
MAE 0.03 0.04 0.03 0.12 0.09 0.08 0.04 
CO        
Slope 0.04 -0.22 -0.09 -0.17 -0.10 -0.23 -0.09 
Intercept -0.08 -1.10 -1.30 -3.27 -2.76 -3.20 -2.64 
R2 1.00 1.00 0.78 1.00 0.67 0.95 0.89 
RMSE 0.00 0.00 0.02 0.00 0.03 0.04 0.02 
MAE 0.00 0.00 0.02 0.00 0.03 0.03 0.02 
The points correspond to (111) hcp, (211) hcp, (111) modified hcp and (211) modified hcp. 
The relative values among these sites didn’t follow any specific trend and as long as there are 
no outliers; the relative values won’t matter much in the context of the analysis presented 
here. Even for the cases which appears to show some scatter, the model very well explains 
the trend as reflected by the error values. All the values have errors very small and within 
acceptable range of 0.15. Here we have all downward trends as per expectation without an 
exception. R2 here too follows the same explanation as that for top site adsorption cases. So, 
the relationships are perfectly valid even for cases where we see a very low R2 value. Hence, 
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hereby I have established and validated the existence of linear scaling relationships between 
the binding energies for hcp site adsorptions as well.  
Scaling relationships were also evaluated for a 4-fold hollow site on (100), modified (100) 
and (211) modified surfaces. However, it was discovered and eventually concluded that O 
and CO are mainly infeasible for adsorption on these sites for most of the situations. Also, N 
and C selectively chose to adsorb into the site and on the site on a 4-fold hollow site. This 
means that for in the site cases the adsorbing atom would interact with bottom metal atom 
while for on the site case it will not. So, I tried to selectively work out the scaling 
relationships for two cases differently; however, the in the site and on the site, cases were 
very different for different metals. Also, evaluating the two cases separately didn’t seem to 
work for most of the metals. Hence, scaling relationships for 4-fold hollow adsorptions were 
essentially inconclusive.  
48 
CHAPTER 8.    RESULTS AND DISCUSSIONS: NITRATE ELECTROREDUCTION 
MECHANISM 
NOX species have been a major source of environmental pollution. They are typically found 
as a component in exhaust gases from industrial waste gases. Mainly they comprise of 
species of NO and CO [32]. Hence, it is very important to reduce them to harmless gases like 
nitrogen which could be safely released to the atmosphere. Many catalytic systems in 
different environments are used to carry out the above task. Most popular among them is 
known as 3-way catalyst [33] which contains Rh metal as the main catalytic component, in an 
electrochemical environment. However, owing to the high cost of Rh metal it is desirable to 
look for other candidate metals for catalytic system to reduce NOX species in an 
electrochemical environment. However, NOX species reduction reaction mechanism, so far 
has been weakly understood and hence it is desirable to set-up a reaction network for the 
same in an electrochemical environment for different candidate catalytic systems. The 
complexity of the problem is greatly emphasized by the fact that NOX species can lead to 
several undesirable products like ammonia and nitrous oxide, including others. Also, the 
reaction pathway could proceed through a serious of complex intermediates, thereby further 
appending to the complexity of the problem. Incidentally, NOX species reductions on 
catalytic systems also offers a classic example in which lateral interactions play a significant 
role in determining the binding energies of the adsorbates and hence the entire reaction 
mechanism. Hence, in this part of the work I have evaluated NOX species reduction 
mechanism on 5 transition metals chosen as candidate catalytic systems: Ag, Au, Cu, Pd, 
and Pt. Several studies have been carried out in the past for the study of NOX species 
reduction both in a pure catalytic environment and an electrochemical environment. It is to 
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be noted that kinetic considerations become greatly important in a purely catalytic 
environment. Bai et. al. [33] studied the nitric oxide reduction by hydrogen on clean Pt (100) 
surfaces and found that nitrogen was the major product formed via a combination of two N* 
after NO dissociation. Recently Seraj et. al. [34] studied PdAu alloy nanoparticles for NO2
- 
reductions in water and found that PdAu alloys were more effective for the reduction than 
pure Pd catalysts. Chun et. al. [35] performed kinetic Monte Carlo analysis of NO 
electrochemical reduction on Pt (100) and found that reductions occur in the potential range 
of 0.25 to 0.05 VSHE and major product formed was ammonia. Several reaction pathways has 
been suggested in the past for NO electro reduction in an electrochemical environment. 
Clayborne et. al. [36] investigated several pathways for NO electrochemical reductions 
where they mainly considered two products formation: ammonia and nitrous oxide. Santen 
et. al. [37] and Koper et. al. [38] has mainly considered nitrogen, ammonia and nitrous oxides 
as possible products. Several studies have proposed several intermediates via which aqueous 
NO3 translates into products ammonia, nitrogen and nitrous oxide ([39], [40]). So, overall 
literature suggested three products after electorchemical reduction of NO: nitrogen, ammonia 
and nitrous oxide and I too have considered the same products in my study. Out of these 
three products nitrogen is the desirable product while ammonia and nitrous oxide are 
undesirable for environment. So, in this part of the work I have considered several reaction 
intermediates motivated from above studies and some which I considered were a posssible 
intermediates in an electrochemical environment. NO3 (g) was a good starting point for the 
eletroreduction where it would lead to nitrogen, ammonia or nitrous oxide through a series of 
catalytic and electrochemical steps.  
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The intermediates that were considered were: NO2*, NO*, NO2OH*, NOOH*, HNO*, 
H2NOH*, NH2*, NOH*, HNOH*, N*, NH*, N2O2*, N2O2H*, N2O* and N2OH* . Here * 
refers to an adsorbed state.  
Table 8.1 NO* formation elementary reactions 
NO* intermediate formation stoichiometry 
S. No. Elementary reaction steps 
1 NO3 (g) -> NO3* 
2 NO3* -> NO2* + O* 
3 NO2* -> NO* + O* 
4 NO3* + H
+ + 1e- -> NO2OH* 
5 NO2OH* -> NO2* + OH* 
6 NO2OH* + H
+ + 1e- -> NO2* + H2O (g) 
7 NO2* + H
+ + 1e- -> NOOH* 
8 NOOH* -> NO* + OH* 
9 NOOH* + H+ + 1e- -> NO* + H2O (g) 







Table 8.2 NH3 (g) formation elementary reactions 
NH3 (g) formation stoichiometry 
S. No. Elementary reaction steps 
1 NO* + H+ + 1e- -> HNO* 
2 HNO* + H+ + 1e- -> H2NO* 
3 H2NO* + H
+ + 1e- -> H2NOH* 
4 H2NOH* -> NH2* + OH* 
5 H2NOH* + H
+ + 1e- -> NH2* + H2O (g) 
6 NH2* + H
+ + 1e- -> NH3 (g) 
7 NO* + H+ + 1e- -> NOH* 
8 NOH* + H+ + 1e- -> HNOH* 
9 HNOH* + H+ + 1e- -> H2NOH* 
10 NOH* + H+ + 1e- -> N* + H2O (g) 
11 NOH* -> N* + OH* 
12 NO* -> N* + O* 
13 N* + H+ + 1e- -> NH* 
14 NH* + H+ + 1e- -> NH2* 








Table 8.3 N2 (g) formation elementary reactions 
N2 (g) formation stoichiometry 
S. No. Elementary reaction steps 
1 N* + N* -> N2 (g) 
2 NO* + NO* -> N2O2* 
3 N2O2* + H
+ + 1e- -> N2O2H* 
4 N2O2H* -> N2O* + OH* 
5 N2O2H* + H
+ + 1e- -> N2O* + H2O (g) 
6 N2O* + H
+ + 1e- -> N2OH* 
7 N2OH* + H
+ + 1e- -> N2 (g) + H2O (g) 
- denotes catalytic steps                                                              - denotes electrochemical steps 
Table 8.4 N2O (g) formation elementary reactions 
N2O (g) formation stoichiometry 
S. No. Elementary reaction steps 
1 N2O* - > N2O (g) 
- denotes catalytic steps                                                              - denotes electrochemical steps 
I have investigated the reaction mechanisms taking via the above elementary steps leading to 
the three product formations. I have chosen the potential range to be from 0.0 V to 2.0 V. The 
choice of potentials might seem a bit arbitrary but was motivated by the nitrate reduction 
electrochemical literature where potentials were found to be ranging from as low as 0.02 V to 
2.5 V. So, the essesntial idea behind chosing this range was the assumption that most of the 
electerochemistry would be captured in this potential range. However, I also found 
interesting and different reaction mechanisms for below 0.0 potentials and potentials ranging 
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above 2.0 V which is a topic of discussion in the subsequent sections. It is to be noted here 
that electrochemical potential would only influence the electrochemical steps (shown in red) 
and not the catalytic steps. In the next section I have shown the ∆G (in eV) values 
corresponding to each elementary reaction step at  0.5 V electrochemical potential to give a 
sample of the values calculated. Thereafter, I have investigated the changing reaction 
mechanisms as the potential changes. It is to be noted there that reference value of ∆G was 
chosen as 0.0 eV for NO3 (g). For all ∆G calculations, NO3 (g), H2O (g) and H2 (g) were 
chosen as references. In all the figures below the change in reaction network denotes a 
change from the previous figure in the current figure. All the below figures, corresponds to 
the electroreduction mechanisms for metals Pd, Pt, Ag, Au and Cu respectively. For each 
metal first (100) surface results are shown and then for (111) surface are shown. For each 
surface and each metal, the first figure represents the ∆G values at 0.5 V cell potential for all 
reaction steps. Subsequent figures shows the most probable path (highlighted in green) from 
cell potential ranging from 0 to 2 V. Figures are specifically reshown at potentials where the 
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Pd (100) case: The reaction mechanism ends at N2 (g) formation, which is a favorable 
product. Here, negative potentials can force NH3 (g) formation as well but N2O (g) formation 
is highly unlikely. 
Pd (111) case: Here NH3 (g) is the major product which is unfavorable. Potentials greater 
than 2.0 V might change the path from NO* to N2 (g) via N*, however N2O (g) formation is 
highly unlikely. Negative potentials would not cause any other shift in the reaction 
mechanism. 
Pt (100): Here too we have N2 (g) formation which is the desirable product. Here too as the 
case was for Pd, negative potentials can trigger NH3 (g) formation but that would be an 
undesirable product. N2O (g) formation would be highly unlikely in this case. 
Pt (111): N2 (g) is the dominant product formation for the considered potentials. NH3 (g) 
formation can be triggered by using negative potentials. However, N2O (g) would be very 
unlikely for any range of feasible potentials. 
Ag (100): Up to 1.73 V N2 (g) is the primary product which is the desirable product. 
However, after this value N2O (g) is the primary product which is an undesirable product. 
Negative potentials could trigger ammonia formation here as well. For a very specific range 
of potentials there is also a possibility of N2 (g) formation via N2OH* path. 
Ag (111): For potential below 1.52 V and above 1.17 V, N2 (g) is primary product formed. 
This is one case, where all the three product formations are possible depending on the 
electrochemical potential one would apply. 
Au (100): Here, there is no possibility of N2 (g) formation. Both NH3 (g) and N2O (g) 
formation are possible but both are undesirable products. 
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Au (111): N2 (g) formation takes place at potentials below 0.64 V. NH3 (g) formation is 
possible here at negative values of potential. N2O (g) formation is possible at high potentials. 
Cu (100): Here, N2 (g) is the primary product in the potential range specified. NH3 (g) 
formation is also possible at negative potentials. 
Cu (111): Here, N2 (g) is the primary product in the range specified above. However, 
negative potentials can trigger NH3 (g) formation. N2O (g) formation is also a possibility but 
at higher potentials. 
 
It is worthwhile to investigate the stable adsorption sites for each adsorption case on both 











Table 8.5.1 Stable adsorption sites for select important intermediates for nitrate reduction 
(Pd) 
 Pd(111) Pd(100) 
N Fcc Bridge 
NO Top Bridge 
HNO O on Top and N on fcc near 
edge with H atom out of 
plane 
N and O nearly on bridge 
with H atom out of plane 
NOH O on Top and N on fcc near 
edge with H atom out of 
plane 
N and O nearly on bridge 
with H atom out of plane 
HNOH Both N and O on top close 
to edge with H atoms out of 
plane 
N adsorbs to bridge with O 
and H out of plane 
H2NO Both N and O on top close 
to edge with H atoms out of 
plane 
N adsorbs to bridge with O 
and H out of plane 
H2NOH N on top and O and H out of 
plane 
N on top and O and H out of 
plane 
NH Fcc Hollow 
NH2 N on bridge and H atoms 
out of plane 
N on bridge and H atoms 
out of plane 
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Table 8.5.2 Stable adsorption sites for select important intermediates for nitrate reduction 
(Ag) 
 Ag(111) Ag(100) 
N Fcc Hollow 
NO Fcc Bridge 
HNO N nearly on bridge and half 
O over top. H out of plane 
N and O slightly on bridge. 
H out of plane 
NOH N binds to the top with O 
and H out of plane 
N binds to almost bridge and 
O out of plane. H is in the 
plane 
HNOH N binds to bridge with O 
and H out of plane 
N binds to bridge and O and 
H out of plane 
H2NO N binds to top and O to 
bridge close to edge. H out 
of plane 
O on bridge but N on half 
top and half hollow. H out 
of plane 
H2NOH N on top and O and H out of 
plane 
N on top and O and H out of 
plane. 
NH Fcc Hollow 
NH2 N binds to bridge and H out 
of plane 






Table 8.5.3 Stable adsorption sites for select important intermediates for nitrate reduction 
(Au) 
 Au(111) Au(100) 
N Fcc Bridge 
NO Fcc Hollow 
HNO N binds to top and O and H 
out of plane 
N and O slightly binds 
bridge with H out of plane 
NOH N binds to fcc and O and H 
out of plane 
N binds to bridge and O and 
H out of plane 
HNOH N binds to bridge and O and 
H out of plane 
N binds to bridge and O and 
H out of plane 
H2NO N and O nearly on bridge 
and H out of plane 
N and O half on top and half 
on bridge. H out of plane 
H2NOH N on top and O and H out of 
plane 
N on top and O and H out of 
plane 
NH Fcc Hollow 
NH2 N binds to bridge and H out 
of plane 







Table 8.5.4 Stable adsorption sites for select important intermediates for nitrate reduction 
(Cu) 
 Cu(111) Cu(100) 
N Fcc Hollow 
NO Fcc Hollow 
HNO N on bridge and O half on 
bridge and H out of plane 
N on bridge and O half on 
bridge and H out of plane 
NOH N and O half on bridge and 
H out of plane 
N and O half on bridge and 
H out of plane 
HNOH N binds to bridge and O and 
H out of plane 
N binds to bridge and O and 
H out of plane 
H2NO N and O half on top and H 
out of plane 
N half on top and O half on 
bridge. H out of plane 
H2NOH N on top and O and H out of 
plane 
N on top and O and H out of 
plane 
NH Fcc Hollow 
NH2 N binds to bridge and H out 
of plane 








Table 8.5.5 Stable adsorption sites for select important intermediates for nitrate reduction (Pt) 
 Pt(111) Pt(100) 
N Fcc Hollow 
NO Fcc Hollow 
HNO N on half bridge and O on 
half top. H out of plane 
N and O half on bridge and 
H out of plane 
NOH N binds to fcc and O and H 
out of plane 
N binds to bridge and O and 
H out of plane 
HNOH N binds to bridge and O and 
H out of plane 
N binds to bridge and O and 
H out of plane 
H2NO N and O half on top and H 
out of plane 
N binds to bridge and O and 
H out of plane 
H2NOH N on top and O and H out of 
plane 
N on top and O and H out of 
plane 
NH Fcc Hollow 
NH2 N binds to bridge and H out 
of plane 




Here is a summary of final product formation and a change if any and the corresponding new 
product formation at the corresponding cell potential.  
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Table 8.6 Product formation at different cell potential: (100) surfaces 
Cell 
potential 
Pd Pt Ag Au Cu 
0.00 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
0.20 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
0.40 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
0.60 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
0.80 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
1.00 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
1.20 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 




N2(g) via N* 
1.60 N2(g) via N* N2(g) via N* N2(g) via N* N2O(g) via 
N2O* 
N2(g) via N* 
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Table 8.6 (continued) 
Cell 
potential 
Pd Pt Ag Au Cu 
0.00 N2(g) via N* N2(g) via N* N2(g) via N* NH3(g) via 
NH2* 
N2(g) via N* 
 
So, for (100) surfaces Cu seems the most suitable metal for NOX reductions. Pd and Pt would 
also facilitate N2 (g) formation but at a higher potential. Ag can result in N2 (g) via a different 
reaction mechanism and would require higher potentials.  
Table 8.7 Product formation at different cell potential: (111) surfaces 
Cell 
potential 
Pd Pt Ag Au Cu 
0.00 NH3(g) via 
NH2* 






0.20 NH3(g) via 
NH2* 






0.40 NH3(g) via 
NH2* 






0.60 NH3(g) via 
NH2* 










Table 8.7 (continued) 
0.80 NH3(g) via 
NH2* 








1.00 NH3(g) via 
NH2* 






1.20 NH3(g) via 
NH2* 








1.40 NH3(g) via 
NH2* 






1.60 NH3(g) via 
NH2* 








1.80 NH3(g) via 
NH2* 






2.00 NH3(g) via 
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So, for (111) surfaces Cu and Pt seems the most suitable metals for NOX reductions. Ag and 
Au are good as well but would require a very specific potential range to operate.  
It is to be noted that, all of the above results are presented without considering any kinetic 
effects which would be relevant in any catalytic step. Particularly, electrochemical steps are 
fast but catalytic steps carry specific kinetic limitations. These effects could be considered as 




CHAPTER 9.    RESULTS AND DISCUSSIONS: INTERACTION PARAMETER 
In this part of the work, I have introduced an interaction parameter, γ to capture the effects of 
lateral interactions. Interaction parameter was added to the results by scaling relationships. It 
is calculated by subtracting twice the DFT calculated results of single adsorption events from 
the DFT calculated results of multiple adsorption events and then the result is divided by two. 
A factor of two is required since interaction parameter is introduced on a per adsorbate basis. 
DFT computations were performed for adsorptions at first and second nearest neighbor 
separations for (100) and (111) surfaces for all seven transition metal atoms and species: C, 
N, O and CO.  Interaction parameter was plotted against the distance scaled down by the 
lattice constant, between the interacting atoms in their final configuration. It was expected 
that the interaction parameter would exhibit a downward trend, since lateral interactions 
decrease over distance and so the difference between values for single and 2 adsorption 
events would eventually decrease as the lateral interactions would decrease in magnitude. So, 
then the interaction parameter could essentially be evaluated as a linear best-fit line with 
scaled distance and can be used in conjunction with scaling relationships to predict the 
binding energies of adsorption events in multi-adsorption scenarios.  In the below figures I 
have plotted twice the interactions parameters against the distances scaled by lattice 
constants. It is to be noted that twice the interaction parameter would be a difference in 
energy predicted from single adsorption events multiplied by two and energy predicted from 

























































































Twice the interaction parameter – 1 NN separation 
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Table 9.1.1 Twice the interaction parameter versus distance plots parameters (O and NO) 
 Ag Au Cu Ir Pd Pt Rh 
O        
Slope -15.75 -2.62 -3.49 -1.44 -2.86 -0.31 -2.62 
Intercept 4.08 2.50 2.77 1.17 2.61 -0.47 2.50 
R2 0.60 0.48 0.67 0.98 0.49 0.07 0.48 
NO        
Slope 15.20 1.83 1.76 -2.00 -1.91 -2.09 2.83 
Intercept -1.55 -1.18 -1.42 1.65 1.67 1.55 0.63 
R2 0.99 1.00 0.91 0.99 0.98 0.96 0.98 
 
Table 9.1.2 Twice the interaction parameter versus distance plots parameters (CO) 
 Ag Au Cu Ir Pd Pt Rh 
CO        
Slope -2.73 -1.63 -0.02 -1.57 -1.26 -2.31 -0.48 
Intercept 1.40 1.38 0.03 1.39 1.22 2.03 3.40 






All the slopes are negative for O and CO, indicating a decreasing trend as per the 
expectations. However, for NO some slopes are positive, which could be due to exchange of 
charge between interacting species as NO is a large molecule compared to CO and O. I have 
considered only three data points for the analysis, hence RMSE and MAE were not 
calculated for this model. Calculations were also performed at second nearest neighbor 
separation and for C and N but the results for these species proved to be inconclusive. 
Although, the above scheme is proved to be successful on a limited set of data but 
nevertheless it gives a strong indication that interaction parameter approach may be extended 
to other systems and at larger separations and hence, this approach may be useful as a 
starting point in capturing adsorbate-adsorbate lateral interactions.  
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CHAPTER 10.    CONCLUSIONS 
I have performed DFT calculations for seven transition metal as candidate catalytic systems, 
considering four gas phase species as adsorbates and several other intermediate species for 
nitrate mechanism as adsorbates. DFT calculations were used to replicate parameterization 
schemes for determining adsorption energies of metals to the slab. Thereafter, linear scaling 
relationships were established successfully connecting the binding energies of simple gas 
phase species and CO with the binding energy of adsorbing metal atom to the slab. Nitrate 
reaction mechanism was established for five transition metal atoms to study NOX species 
reduction on catalytic systems in an electrochemical environment. Several reaction pathways 
were established for three product formations: NH3 (g), N2 (g) and N2O (g). Out of these three 
products N2 (g) was the favorable product while the other two aren’t environmentally benign. 
A model was developed to capture the effects of adsorbate-adsorbate lateral interactions 
using interaction parameter approach and was tested on C, N, O, CO and NO at first and 
second nearest neighbor separations. While, the results were inconclusive for C and N and at 
second nearest neighbor for all species; they did show a lot of promise in support for the 
interaction parameter approach and hence, this approach could be successful in capturing 
lateral interactions for other species as well and other separations could also be considered. 
This provides a remarkable mechanism to evaluate the entire reaction pathway based on few 
slab-based calculations for metal atoms and species adsorbates and then using them to 
calculate the scaling relationships and then clubbing it together with interaction parameter to 
calculate the overall binding energy by using just few DFT calculations. This entire 
workflow, in this study is shown to work for simple atomic species and molecular species. 
As a future work this approach could be tested on other atoms, many other molecules and 
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complex species as candidate adsorbates. Also, the above approach is tested and shown to be 
successful for monometallic systems and probably needs significant work for extending it to 
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